Introduction
Protein and membrane trafficking are vitally important for the development and function of neurons (Hirokawa, 1998) . The developing axon, in particular, relies heavily on the delivery of membranes and proteins from the cell body. Synaptogenesis can occur simultaneously with axon elongation, leaving behind a string of en passant synapses in the wake of the growth cone (Hatada et al., 1999; Jontes et al., 2000) . In this regard, trafficking of synaptic components to the distal extent of the growing axon is a prerequisite for ongoing synaptogenesis, because of the continual depletion of presynaptic components.
The primary vehicle for trafficking of protein and membrane components in axons has been shown to be tubulovesicular structures and large membranous organelles (Tsukita and Ishikawa, 1980) . Time-lapse microscopy, in conjunction with green fluorescent protein (GFP) labeling of synaptic vesicle proteins, has been used to characterize the dynamics of these tubulovesicular structures in cultured neurons (Nakata et al., 1998; Ahmari et al., 2000; Shapira et al., 2003) . These diverse tubulovesicular and pleiomorphic membrane compartments cotransport an array of synaptic components (Kraszewski et al., 1995; Okada et al., 1995; Nakata et al., 1998; Ahmari et al., 2000; Zhai et al., 2001 ). At present, little is known about the dynamics of transport packets in developing axons in vivo, and most studies have focused on the accumulation of synaptic vesicles and vesicle precursor membranes.
N-cadherin is a Ca 2ϩ -dependent homophilic, cell adhesion molecule (Takeichi, 1990; Kemler, 1992) . The cytoplasmic domain interacts with ␤-catenin, and the cadherin-␤-catenin dimer mediates an interaction with the actin cytoskeleton through ␣-catenin (Nagafuchi and Takeichi, 1989; Ozawa et al., 1989) . A number of studies have indicated that N-cadherin is an early and potentially important component of developing synapses. N-cadherin is localized to synapses in cultured hippocampal neurons (Benson and Tanaka, 1998) , hippocampal and cerebellar slices (Fannon and Colman, 1996) , developing somatosensory cortex (Huntley and Benson, 1999) , and in biochemically purified synapses (Phillips et al., 2001) . Evidence suggests that cadherin-based adherens junctions are present at the synaptic active zone, as well as perisynaptically, encircling the active zone (Fannon and Colman, 1996; Uchida et al., 1996; Phillips et al., 2001) . Although a specific role for N-cadherin has not been definitively demonstrated, evidence has suggested that it could play a role in presynaptic assembly (Bamji et al., 2003) , spine morphogenesis (Togashi et al., 2002) , activity-dependent plasticity (Tang et al., 1998; Bozdagi et al., 2000; Tanaka et al., 2000) , and synaptic specificity (Fannon and Colman, 1996) .
To characterize the dynamics of N-cadherin trafficking and delivery to nascent synapses, we have used in vivo two-photon time-lapse microscopy of N-cadherin-GFP (Ncad-GFP) in Rohon-Beard neurons of the embryonic zebrafish spinal cord. Our data reveal that Ncad-GFP is extensively trafficked in the growing axons of Rohon-Beard cells in two distinct types of transport packet. In addition, we observe that Ncad-GFP accumulates in stable puncta in the wake of the migrating growth cone, at sites that are most likely nascent synapses. Finally, we show that deletion of the extracellular domain, but not the cytoplasmic domain, prevents the punctate accumulation of N-cadherin.
Materials and Methods
Cloning of N-cadherin and vesicle-associated membrane protein. To obtain members of the zebrafish cadherin superfamily, degenerate PCR primers (Yamamoto et al., 1998) were used to generate PCR products representing cadherin ectodomain fragments. These were subcloned using the Zero Blunt II TOPO cloning vector (Invitrogen, Carlsbad, CA). One of these clones was highly homologous to mammalian N-cadherin. This fragment was digoxigenin (DIG)-labeled using the Roche PCR DIG labeling kit, and was used to screen a 15-19 hr post-fertilization embryonic zebrafish cDNA library (courtesy of Dr. J. Eisen, University of Oregon) by standard methods. A clone containing an open reading frame of 2682 nucleotides was obtained, encoding for a full-length N-cadherin protein of 894 amino acids. The sequence is identical to that of AF418565 (Lele et al., 2002) , which was deposited in GenBank during the course of this work.
A search of the zebrafish expressed sequence tag database for homologs of vesicle-associated membrane protein (VAMP)-synaptobrevin revealed a number of partial overlapping sequences, which could be assembled into a full-length coding sequence. PCR primers were designed against this sequence and used to generate a full-length VAMP clone by RT-PCR, using an initial template of mRNA prepared from zebrafish embryos.
Generation of fusion proteins. Fusion of GFP to full-length N-cadherin, VAMP, and N-cadherin deletion mutants was performed using PCR to place KpnI sites at the 5Ј end of the coding regions and AgeI sites at the 3Ј end. In all cases, the KpnI-AgeI fragments were subcloned into the Clontech (Palo Alto, CA) GFP-N1 vector to generate fusion proteins containing GFP on the C termini. For expression in Rohon-Beard cells, the GFP-N1 vector was modified by removing the cytomegalovirus (CMV) promoter of the vector and replacing it with the 14ϫ UAS/E1b promoter (Köster and Fraser, 2001 ). Expression of these transgenes was mediated by driving expression of Gal4VP16 (Köster and Fraser, 2001 ) with the SSICP enhancer-promoter fragment from the islet-1 gene (Higashijima et al., 2000) .
DNA was pressure-injected into 1-4 cell stage embryos, using 25-30 g/ml each of both the SSICP:Gal4VP16 and UAS:GFP-fusion plasmids. On the next day, healthy embryos were screened for expression of GFP or GFP fusion proteins in Rohon-Beard cells.
Imaging. Selected embryos were anesthetized in 0.003% tricaine, embedded in 1.5-2% agarose, and imaged on a custom-made two-photon microscope, designed and assembled by S.J.S. (Jontes et al., 2000; Niell et al., 2004) , with the Ti:Sapphire laser (Coherent, Santa Clara, CA) tuned to 920 nm and using a Zeiss (Oberkochen, Germany) 0.9 numerical aperture (NA) water-immersion objective. For the collection of timelapse data, 20 sections were collected at 1 m steps at time intervals of 2 min for 2-8 hr, and at 0.19 m/pixel.
For cyan fluorescent protein (CFP)-yellow fluorescent protein (YFP) colocalization, embryos were mounted on a two-photon microscope, and fluorescence was detected using a dichromatic mirror 505DCXR, an HQ480/40X barrier filter to collect CFP fluorescence, and an D535/30M barrier filter to collect YFP fluorescence (Chroma Technology Corporation, Rockingham, VT).
Analysis. For analysis of time-lapse data, maximum intensity projections were made from median filtered sections for each time point. Analysis was performed on otherwise unmanipulated images. The formation of stable puncta was analyzed by measuring the time interval between the first trace of a stable punctum and the time when the leading edge of the growth cone first reached that position. Although somewhat arbitrary, this provides an approximate measure of time to formation of a stable punctum relative to initial contact between putative presynaptic and postsynaptic sites.
Hippocampal cell culture, transfection, and immunostaining. Primary neuron cultures from rat hippocampus were prepared. Briefly, hippocampi were dissected from embryonic day 18 Sprague Dawley rats, dissociated, and plated onto coverslips coated with poly-L-lysine. Cultures were kept at 37°C in 5% CO 2 . The neuronal cultures (8 d in vitro) were transfected with CMV:Ncad-GFP using a modified calcium phosphate transfection protocol (Xia et al., 1996) . After 24 hr, the cultures were fixed in methanol at Ϫ20°C for 10 min, blocked in 10% normal goat serum (NGS) in PBS for 1 hr at 37°C, incubated in primary antibody in PBS with 3% NGS for 2 hr at room temperature [mouse anti-rat postsynaptic density-95 (PSD-95), 1:100; Affinity BioReagents, Golden, CO; or mouse anti-rat N-cadherin, 1:100, BD Transduction Labs, San Diego, CA), and finally secondary antibody (goat anti-mouse Cy5, 1:100; Jackson ImmunoResearch, West Grove, PA) for 1 hr at room temperature. All procedures were approved by the Institutional Animal Care and Use Committee of Stanford University. Imaging was done with a scanning laser confocal microscope designed by S.J.S. using a Zeiss 40ϫ/1.3 NA Fluar objective. Ten sections were taken 0.5 m apart. Ncad-GFP and PSD-95-Cy5 puncta were considered to be colocalized if they overlapped by at least 50%. Images were collected and analyzed with custom software (N. E. Ziv; Technion, Haifa, Israel).
Whole-mount immunocytochemistry. Ncad-GFP-expressing embryos were fixed in BT fix (0.1 M PO 4 buffer, 0.15 mM CaCl 2 , 4% sucrose) overnight at 4°C. The embryos were washed five times in wash buffer (1% DMSO, 0.8% Triton X-100, and 1 mg/ml BSA) for 5Ј and blocked for 30 min in wash buffer supplemented with 2% normal goat serum. The embryos were labeled with a 1:200 dilution of anti-SV2 (developed by K. M. Buckley and obtained from the Developmental Studies Hybridoma Bank, University of Iowa) for 5 hr at 4°C. The embryos were washed with several changes of wash buffer over 2 hr and incubated in goat antimouse Cy5 (Jackson ImmunoResearch) at a 1:200 dilution for 2 hr. Embryos were washed extensively and imaged on a confocal microscope using a Zeiss NA 0.75 20ϫ dry objective.
Results

Expression of N-cadherin-GFP in Rohon-Beard neurons
Zebrafish N-cadherin was cloned from an embryonic zebrafish cDNA library and fused at its C terminus to GFP. A similar fusion of the mouse N-cadherin gene with GFP has been made and was shown to be functional and correctly targeted in fibroblasts (Mary et al., 2002) . Efficient gene expression can be obtained in Rohon-Beard neurons using an enhancer element from the islet-1 gene (Higashijima et al., 2000) . We used this enhancer element to drive expression of GFP ( Fig. 1a) and Ncad-GFP (Fig. 1b) in developing Rohon-Beard neurons. Soluble GFP efficiently loaded Rohon-Beard neurons, exhibiting a continuous distribution throughout the cells, including thin filopodia. In contrast, Ncad-GFP exhibited perinuclear labeling, as well as a discontinuous localization on both the peripheral axonal arbor and the longitudinal axons, in addition to a faint labeling of the cell body plasma membrane.
N-cadherin-GFP is localized to synapses
Although N-cadherin has been shown to be present at developing synapses, we wanted to verify that our Ncad-GFP fusion had a proper intracellular localization and that it was targeted to synapses. First, we transfected cultured hippocampal neurons with the zebrafish Ncad-GFP and performed immunocytochemistry with antibodies against PSD-95 ( Fig. 2a-d) . Cultured hippocampal neurons transfected with zebrafish Ncad-GFP exhibited a punctate distribution similar to that previously shown for N-cadherin by antibody labeling (Benson and Tanaka, 1998) . Of these Ncad-GFP puncta, 74% (n ϭ 212) were found to colocalize with PSD-95 ( Fig. 2a-d) , showing that the zebrafish Ncad-GFP was properly targeted to synapses, even in rat neurons. As discussed below, the remaining 26% of puncta likely represent N-cadherin transport packets. In addition, we used immunostaining with antibodies to the synaptic vesicle protein, SV2, to show synaptic localization of Ncad-GFP in zebrafish neurons ( Fig. 2e-g ). In isolated Ncad-GFP-expressing axons, large Ncad-GFP puncta were found to be colocalized with SV2, suggesting synaptic localization. VAMP-synaptobrevin is an integral membrane protein present in synaptic vesicles and is often used as a synaptic marker. Coexpression of Ncad-YFP with VAMP-CFP also supports the synaptic localization of N-cadherin. When the same Rohon-Beard cell expressed both VAMP-CFP and Ncad-YFP, the large Ncad-YFP puncta colocalized with accumulations of VAMP-CFP (Fig. 2h-j) .
Transport packets
Two-photon time-lapse imaging of Ncad-GFP expressed in developing Rohon-Beard axons revealed extensive trafficking of Ncad-GFP in discrete-punctate structures (Fig. 3 ) (supplemental material, available at www.jneurosci.org). Along the length of labeled axons, Ncad-GFP only faintly and diffusely labeled the axon shaft. The majority of the Ncad-GFP was present in puncta that varied in fluorescent intensity. Most of the puncta were highly mobile and likely represent intracellular transport organelles, moving rapidly in both anterograde and retrograde directions. In addition to the discrete transport packets, we observed elongated fluorescent structures that traveled along axons as a unit (Fig. 4) (supplemental material, available at www.jneurosci.org). These tubulovesicular transport structures were similar to those observed by both electron microscopy and light microscopy of cultured DRG neurons (Tsukita and Ishikawa, 1980; Nakata et al., 1998) . The tubulovesicular transport organelles were sometimes difficult to see and were probably detectable because of the high signal-to-noise ratio provided by the very low background of Ncad-GFP in the axons. The small, discrete puncta were far more numerous than the tubulovesicular packets and exhibited a range of fluorescence intensities, suggesting that they represented variably sized clusters of vesicles or pleiomorphic transport organelles. The tubulovesicular structures were rare compared with the discrete-punctate structures and moved preferentially in the anterograde direction (85%; 33 of 39 clearly identifiable tubulovesicular transport organelles), indicating that they may be responsible for delivery of cargo to the advancing growth cone.
Formation of stable N-cadherin puncta
In addition to the ongoing traffic of Ncad-GFP containing transport packets, the developing axons also contained stable Ncad-GFP puncta. Stable puncta are defined as those that remained immobile from the time of their formation until the end of the time-lapse experiment. Because N-cadherin is a well known component of synapses, and our data suggest that our GFP fusion is correctly targeted to synapses, we analyzed the formation of stable puncta in greater detail. We observed 15 instances of the formationofastableNcad-GFPpunctumalongagrowingRohonBeard axon. In each case, the first trace of the punctum occurred within a short time after the passage of the growth cone (Fig. 5a ) (supplemental material, available at www.jneurosci.org). In general, almost all of the puncta were stabilized by 60 min after the passage of the leading edge of the growth cone, with the average time to detection being 32 min (Fig. 5b) (n ϭ 15) .
Because our above data support the idea that stable Ncad-GFP puncta label synapses, we wanted to compare the time course of Ncad-GFP accumulation to that of a GFP-tagged zebrafish VAMP-GFP. In young axons, the diffuse background of VAMP-GFP masked the trafficking of small transport packets, characteristic of Ncad-GFP. However, large accumulations of VAMP-GFP, left in the wake of the migrating growth cone, were evident in two-photon time-lapse series of labeled Rohon-Beard neurons (Fig. 6a ) (supplemental material, available at www. jneurosci.org). The time course of stable punctum formation is shown in Figure 6b . Analysis of the formation of stable VAMP-GFP puncta revealed that the average lag between growth cone passage and punctum formation was 29 min and that most puncta had been formed within ϳ60 min, a time course very similar to that determined above for Ncad-GFP.
Localization of N-cadherin deletion mutants
We wanted to further investigate the trafficking of N-cadherin in Rohon-Beard axons and characterize the determinants of its targeting to nascent synapses. To do this we made two N-cadherin deletion mutants and fused them to GFP:Ncad⌬CP-GFP, which has a deletion of the entire cytoplasmic domain, and Ncad⌬EC-GFP, which has a deletion of cadherin ectodomains 1-4. As was the case for the full-length Ncad-GFP (Fig. 7a) , Ncad⌬CP-GFP exhibits a highly punctate distribution, with relatively little membrane labeling (Fig. 7b ) (supplemental material, available at www. jneurosci.org). In contrast, Ncad⌬EC-GFP diffusely labeled the plasma membrane and did not accumulate as stable discreet puncta (Fig. 7c ) (supplemental material, available at www.jneurosci. org). Some trafficking of the Ncad⌬EC-GFP in the axons was visible above the background of the plasma membrane labeling, but this did not result in stable accumulation of fluorescent puncta.
Because deletion of the cytoplasmic domain does not prevent the accumulation of stable Ncad-GFP puncta, we wanted to determine the time course of this accumulation. Two-photon timelapse analysis of Ncad⌬CP-GFP-expressing Rohon-Beard neurons revealed dynamic behavior that was qualitatively similar to that exhibited in Ncad-GFP-expressing cells. There was exten- sive trafficking of both discrete-punctate and tubulovesicular transport packets, and Ncad⌬CP-GFP accumulated in stable puncta in the wake of the migrating growth cone (Fig. 7d) . Surprisingly, Ncad⌬CP-GFP accumulated in stable fluorescent puncta with slightly faster kinetics than that of either Ncad-GFP or VAMP-GFP, with a mean time to punctum formation of 25 min after growth cone (n ϭ 12). Despite the small difference in the kinetics of accumulation, the mean interpunctum spacing along the axons was identical for Ncad-GFP (25.9 m; n ϭ 27) and Ncad⌬CP-GFP (25.9 m; n ϭ 24), supporting the idea that they marked the same structures. These numbers are similar to that observed for VAMP-GFP (24.3 m; n ϭ 16).
Discussion
Adhesion is believed to be an essential early step in initiating synapse assembly in the CNS. A large number of studies have demonstrated a synaptic localization of N-cadherin in the developing and mature CNS (Beesley et al., 1995; Fannon and Colman, 1996; Uchida et al., 1996; Benson and Tanaka, 1998; Huntley and Benson, 1999; Phillips et al., 2001) , making it one of the most prominent synaptic cell-adhesion molecules. Despite this, very little is known about the dynamics of N-cadherin in developing neurons, how it is delivered to synapses or its timing of delivery relative to synaptogenesis. We generated an N-cadherin-GFP fu- Figure 5 . Formation of a stable Ncad-GFP punctum. a, In addition to the mobile fluorescent puncta present in the developing Rohon-Beard axons, there are also stable puncta. The stable accumulations (arrowhead), as shown in this time-lapse sequence, form soon after the departure of the migrating axonal growth cone. Scale bar, 10 m. b, Cumulative probability of stable punctum formation. The formation of multiple stable puncta were characterized relative to the axonal growth cone. The fraction of puncta formed was plotted as a function of time after initial growth cone arrival. The plot shows that nearly all stable Ncad-GFP accumulations form within 1 hr after arrival of the growth cone, with an average time to formation of 32 min. Figure 5b . The time course of VAMP-GFP accumulation (gray trace, gray triangles) was essentially the same as for Ncad-GFP (black trace, black circles), indicating that they accumulate with similar kinetics.
sion and expressed it in Rohon-Beard sensory neurons in the embryonic zebrafish spinal cord to characterize N-cadherin dynamics and synaptic delivery in vivo (Fig. 1) . Ncad-GFP is extremely punctate, accumulating at discrete spots along the axons of Rohon-Beard cells and showing relatively little diffuse labeling along the axonal plasma membrane.
The majority of the N-cadherin puncta labeled highly mobile transport organelles (Fig. 3) . Previous time-lapse imaging of GFP-labeled synaptic vesicle proteins in cultured neurons has revealed the existence of dynamic transport packets (Nakata et al., 1998; Ahmari et al., 2000) . These transport packets have been shown by electron microscopy to be composed primarily of tubulvesicular structures, pleiomorphic vesicles, and large dense core vesicles (Tsukita and Ishikawa, 1980; Ahmari et al., 2000) . The protein composition of these organelles is heterogeneous (Okada et al., 1995; Ahmari et al., 2000; Provoda et al., 2000; Zhai et al., 2001) , suggesting either the existence of multiple, distinct populations of transport organelles or the sorting of components through multiple rounds of fusion with plasma membrane and recycling, or both. Our data reveal that N-cadherin is localized to at least two distinct forms of transport packet: discrete-punctate (Fig. 3 ) and tubulovesicular structures (Fig. 4) . The predominantly anterograde direction of tubulovesicular traffic suggests that these organelles may be responsible for delivery of material to the axonal growth cone. The discrete-punctate transport packets are highly mobile, moving in both anterograde and retrograde directions. By analogy to the biogenesis of synaptic vesicles, which are believed to form by local recycling at the nerve terminal (Hannah et al., 1999) , the discrete-punctate transport packets may be the result of local recycling and retrieval of N-cadherin from the plasma membrane. It is possible that much of the sorting of axonal membrane proteins could occur through endocytosis after fusion of tubulovesicular organelles and membrane addition in the growth cone.
In addition to the mobile transport packets, Rohon-Beard axons contained stable N-cadherin puncta that formed shortly after passage of the growth cone, with an average time-toformation of 32 min. There are a number of reasons to suspect that these puncta are localized at nascent synapses. First, in more mature axons, large Ncad-GFP puncta were shown to be colocalized with the synaptic vesicle marker SV2 (Fig. 2e-g ). Similarly, stable Ncad-YFP puncta were found to colocalize with accumulations of VAMP-CFP (Fig. 2h-j) . Moreover, previous work has suggested that the formation of axonal varicosities, both in vitro (Hatada et al., 1999) and in vivo (Jontes et al., 2000) , provides an early morphological marker of nascent presynaptic boutons. The accumulation of stable N-cadherin puncta in the trail of the growth cone is very similar to the formation of axonal varicosities. In addition, we observe that the accumulation of N-cadherin in Rohon-Beard axons occurs with a time course essentially identical to that observed for VAMP-GFP, a common marker of synaptic vesicle clusters (Ahmari et al., 2000; Alsina et al., 2001; Tokuoka et al., 2002) . These observations are consistent with the fact that embryos become touch-sensitive within hours of axon extension (Saint-Amant and Drapeau, 1998) . Finally, N-cadherin has been widely shown to be a component of developing synapses (Beesley et al., 1995; Benson and Tanaka, 1998; Huntley and Benson, 1999; Zhang and Benson, 2001; Togashi et al., 2002) .
Accumulation of N-cadherin at nascent synapses could, in principle, occur by at least two basic mechanisms. Time-lapse observations of E-cadherin-GFP in cultured epithelial cells have shown that E-cadherin clusters appear to form by lateral recruitment from a diffuse pool of molecules present on the plasma membrane (Adams et al., 1998) . In contrast, expression of Ncadherin-GFP in fibroblast cells has suggested a highly dynamic process of intracellular trafficking and recycling, in which cellcell contact recruits N-cadherin-positive transport organelles to the plasma membrane (Mary et al., 2002) . Our data reveal that Ncad-GFP labels highly mobile transport organelles similar to Like the full-length N-cadherin, the deletion mutant appears as discreet puncta along the axon, with relatively little background labeling of the plasma membrane along the axon shaft. c, Two examples of Rohon-Beard axons expressing the Ncad⌬EC-GFP deletion mutant. In contrast to both Ncad-GFP and Ncad⌬CP-GFP, there is diffuse, uniform labeling of the plasma membrane in the growth cone and axon. In addition, Ncad⌬EC-GFP does not accumulate in stable, discrete puncta. Scale bar, 15 m. d, The time course of Ncad⌬CP-GFP accumulation is similar to that found for both Ncad-GFP and VAMP-GFP, although it appears to stabilize slightly more quickly, with an average time-to-formation of 25 min. Scale bar, 10 m.
those observed in fibroblasts. The low level of plasma membrane staining of Ncad-GFP labeled Rohon-Beard neurons and the extensive trafficking of Ncad-GFP suggests that delivery of N-cadherin to nascent synapses occurs through recruitment of transport organelles to sites of cell-cell contact, as was observed in fibroblasts, rather than recruitment from a diffuse plasma membrane pool. It is worth noting that the delivery of N-cadherin to synapses in discrete organelles and the recycling of N-cadherin by internalization represents an efficient way of both targeting N-cadherin to new sites of cell contact and of rapidly destabilizing synapses for disassembly and elimination.
A hallmark of the classical cadherins is their highly conserved cytoplasmic domain, which links them to the actin cytoskeleton through the formation of a 1:1:1 stoichiometric complex with ␤-catenin and ␣-catenin (Nagafuchi and Takeichi, 1989; Ozawa et al., 1989) . The ␤-catenin binding site of E-cadherin has been shown to be important not only for cell adhesion, but also export from the endoplasmic reticulum and targeting to the cell surface (Chen et al., 1999) . Surprisingly, Ncad⌬CP-GFP is transported within axons and accumulates at nascent synaptic sites in a manner similar to that of full-length Ncad-GFP. It is possible that the proper targeting of Ncad⌬CP-GFP to nascent synapses is caused by the formation of endogenous N-cadherin:Ncad⌬CP-GFP hetero-cis-dimers. Thus, rather than being an N-cadherinspecific dominant-negative, Ncad⌬CP-GFP may represent a relatively noninterfering label of N-cadherin dimers. It appears that for N-cadherin, in Rohon-Beard neurons, an intact cytoplasmic domain and ␤-catenin interaction do not appear to be necessary for export from the endoplasmic reticulum (Chen et al., 1999) , indicating a substantial mechanistic difference between E-cadherin and N-cadherin that is caused by either an intrinsic difference between the two proteins or a dependence on cell type. This difference between classical cadherins is striking in light of the high degree of conservation in the cytoplasmic domain. In contrast, Ncad⌬EC-GFP is not appropriately restricted to transport organelles. Because this mutant probably does not form cisdimers, but would otherwise appear wild-type from the cytoplasm, our data suggest that the extracellular domain and possibly cis-dimerization are important for appropriate localization of N-cadherin. This could be caused by a misdirected delivery to the plasma membrane through a constitutive pathway, or through a deficiency in Ncad⌬EC-GFP endocytic retrieval from the plasma membrane. Recently, the role of cadherin trafficking and recycling in the formation of adhesive contacts has been emphasized, with p120 catenin being implicated as an important regulator of cadherin delivery to the cell surface (Chen et al., 2003; Davis et al., 2003; Xiao et al., 2003) . Deletion mutants similar to Ncad⌬EC-GFP have been shown to act as pan-cadherin dominant negatives in other systems, having effects on adhesiveness (Fujimori and Takeichi, 1993) , neurite outgrowth (Riehl et al., 1996) , and synaptogenesis (Togashi et al., 2002) . However, in vivo, Ncad⌬EC-GFP has no obvious effects on axon initiation or extension in Rohon-Beard neurons. It will be interesting to determine any downstream effects Ncad⌬EC-GFP might have on synaptogenesis and synaptic organization.
In this paper, we have provided the first in vivo observations of synaptic adhesion molecule trafficking. We demonstrate that expression of Ncad-GFP in developing axons labels two distinct types of transport organelle: discrete-punctate and tubulovesicular. Our data also suggest that N-cadherin is a very early component of developing synapses, being delivered with a time course similar to that for synaptic vesicle precursors. Finally, expression of N-cadherin deletion mutants reveals differential effects on localization, demonstrating the feasibility of performing detailed cell biological studies in the living organism.
